We study effects of the quadrupole pairing force on the coefficients of the angular-momentum expansion of the rotational energy of the ground band in the framework of the cranking model. We performed numerical calculation according to the self-consistent collective coordinate (SCC) method. In particular, we compare the strengths of the quadrupole pairing force used by a few groups. It is shown that this force remarkably improves the calculated coefficients in the region A~ 162 of even Er isotopes, while near the transition region there exists a large discrepancy in the coefficient of the fourth order between experimental and calculated values with any suggested strength. An interpre· tation on this discrepancy is discussed.
The study of nuclear structure has been done with interplay of developments of method adequate for problems considered and effective interactions used in approximations. The quadrupole pairing force is one of effective interactions used often, on which many studies have been done in connection with the moment of inertia of the collective rotational bands,IH> the band-crossing frequencies 7 > and the pairing vibrations in the Pb and actinide region. 8 >-lZJ All of these works agree on the necessity of this interaction, but there has been no comparison of strengths of the quadrupole pairing force used by these groups. The method used so far in order to evaluate effects of this interaction on the kinematical moment of inertia g is to compare calculated g -w plots, where w is the angular velocity, with experimental data 4 H> or to calculate g of the ground state in the zeroth-order appproximation.ll- 3 > It is worthwhile to evaluate effects of the interaction in various ways. Thus the aim of this paper is to investigate effects of different strengths of the quadrupole pairing force in terms of the angular-momentum expansion of the energy of the ground bands.
We write the energy of the ground band of a well-deformed even-even nucleus in the power-expansion form
E(I)=Jli(I+l)+!BJ2(1+1)
2 +···, (1) where I denotes the magnitude of the total angular momentum. Jl and !B are coefficients which can be obtained from a fitting to experimental data or the perturbative expansion for the cranking model.*> In the latter method which takes into account contribution of two-body forces to self-consistent fields, Jl can be written as 1/(2J TV), where g Tv is the Thouless-Valatin moment of inertia/ 3 > and !B is known to come from couplings between the rotation and the other modes of motion.
14 H 8 > 1t should be noted that !B is very sensitive to residual interactions. For example, for *>In this paper we define the cranking model as the time-independent mean-field approximation using a Hamiltonian with the cranking term.
even-even nuclei in the medium-heavy-mass region the magnitude of !13 calculated with a residual part of the monopole pairing force is larger than that without the residual part by a factor 2.
18 > Therefore !13 is quite adequate to discuss effects of two-body forces on the rotation quantitatively.
Equations we solve are given by the self-consistent collective coordinate (SCC) method 18 > as follows: 18 > The details of the effects of the quadrupole pairing force on the couplings will be discussed elsewhere.
The Hamiltonian used is given by _ 2:: XM Q"t Q" _ 2:: G fJ,rt P, r _ 2:: Gz T 2::PT t pr Next we mention parameters used in the Hamiltonian. Bose, vu(r) and Vts are taken from Bohr and Mottelson's textbook. 2 1)·*> The strength of the monopole pairing force, Gr, is chosen so as to reproduce the pairing gap obtained from the odd-even mass differences. It is difficult to reproduce Er and Ep, which denote the energies of they-and .8-vibrations, respectively, simultaneously in the RPA by use of the Hamiltonian including the quadrupole force, if the force strength independent of the K-quantum number is used. In Ref. 18) , in which such a Hamiltonian was used, the authors overestimated Er much for well-deformed even Er isotopes. When one represents the doubly-stretched quadrupole force denoted by the fifth term in Eq. (3) in terms of QiMQzM and other operators, it is seen that the force strength of Qi±zQz±z is enhanced as compared with that of QioQzo for the prolate nuclei. Thus the doubly-stretched quadrupole force has the possibility to improve the Hamiltonian in Ref. 18 ) without treating xo/xz as a free parameter. We put xo= Xz and determined it so as to reproduce Er roughly in the RPA using the Hamiltonian (3) . The calculated Er and Ep will be shown later along with other parameters. The force strength is smaller than the theoretical value which Sakamoto and Kishimoto derived 20 > by about 0~7% depending on nuclei. xr is associated with the rotational invariance and can be obtained analytically. 3 >· 22 > When the truncated space used in numerical calculation is not very large, the deformed base is suitable for representing the Hamiltonian given by Eq. (3) . Nevertheless we used the spherical base in the numerical calculation. This is because it is necessary to have the Goldstone mode associated with the rotation in the RP A in order to investigate the rotation-vibration coupling in the sec method. 18 ) In this paper we compare the strengths of the quadrupole pairing force, G2 r, of Sakamoto and . Kishimoto,Z 3 > Hamamoto 3 > and Garrett et aF> Sakamoto and Kishimoto derived multipole pairing forces from the requirement that the breaking of the local Galilean invariance due to the monopole pairing field should be restored. Their strength is given by (5) where the single-particle state Ia> is the eigenstate of the one'-body Hamiltonian which is equal to the self-consistent mean-field Hamiltonian except that the monopole-and quadrupole-pairing fields are excluded. Ea is the quasiparticle energy. It should be mentioned that we applied Eq. (5) to deformed nuclei, though Sakamoto and Kishimoto discussed spherical nuclei. Due to the deformation GiK has the *> We read the values of (} from Fig. 4 4 > There may be still room for development in the theory of Sakamoto and Kishimoto for deformed nuclei, but in this paper we call G2' determined this way Sakamoto and Kishimoto's strength.
Hamamoto showed that the multipole pairing forces were derived from an expansion of the a-function.*> From the discussion in Ref. 3) the following equation can be obtained: (6) where R is the nuclear radius, and we used R=I.2A 113 
In the numerical calculation we used an approximation on the basis of the pure harmonic oscillator as (8) Conditions other than the quadrupole pairing force have to be the same in order to compare G2' of these groups. One of the most important points is the size of space used in calculation. Sakamoto et al. and Hamamoto give the expressions of Gz' ,----,-----.---,-----,-.......,--- which can be adjusted to space used, while ezr of Garrett et al. is for one major shell plus i1312 states. Thus we used two major shells defined in the spherical base, i.e., Nose = 4 and 5 for the proton and 5 and 6 for the neutron. Diebel 6 > used 7 ~ 8 major shells, and Tanabe et al. 5 > used the strength of the quadrupole force different from the value derived from a self-consistency condition. 20 
0.03

>'
26 > Therefore we did not compare the strengths of Refs. 5) and 6).
We performed numerical calculation for even Er isotopes of A= 160 ~ 168. GzP and Gzn are shown in Figs. 1(a) and (b) , respectively. Though the strengths for the proton are dispersed, it is remarked that these three sets of strengths show very similar A-dependence except for the magnitude. This point will play an important 0.03,---,------.---.---.----,.-- role in the later discussion. Sets of the other parameters used are given in Table I together with Er and Ep calculated in the RP A. Shown in Fig. 2 show the result of Jl and 93 in Fig. 3 . As far as 93 in the larger-A region is concerned, it is seen that this G' gives a better result than that in Fig. 2 , and much clear improvement is obtained as compared with the result without the quadrupole pairing force. In Fig. 4 decreased. However, we do not know whether the reason is associated with their assumptions and approximations that were used in their processes to derive Gz r, or with a renormalization of effects of higher multipole pairing force. For the comparison of the contributions of the proton and the neutron to Jl and $ we performed the calculation in which the values of GzP and Gzn of Sakamoto and Kishimoto decreased by 10 % were exchanged. The result for 164 Er is shown in Table  II along with those extracted from Figs. 3 and 4 . It is clearly seen that the influence of the variation in ezn is much larger than that in CzP. This property suggests that the quadrupole pairing correlation is stronger for the neutrons than for the protons. This is the reason why any ezr of the three groups can improve $ remarkably as compared with $ calculated without the quadrupole pairing force in spite of the rather different GzP values.
Let us discuss $ in the smaller-A region. It may be worthwhile to mention accuracy of the angular-momentum expansion of the rotational energy. States with the angular momentum larger than ~ 12n include influence of the band crossing, so that Eq. (1) is less adequate for the fitting to the energies of such states. Thus the experimental data of Jl and$ were obtained by the least-square fitting of Eq. (1) to the experimental energies of the ground band up to /=10fi.*l Originally Eq. (1) has many terms, therefore it is one of the necessary conditions for the reliability of Jl and$ that these parameters obtained by the fitting converge with increasing the number of the terms in Eq. (1). We found that $ began to oscillate when the number of the terms in Eq. (1) was increased beyond 5, and the amplitude was ~ ±0.2 x 10- 
GzP
Gz" *l When the maximum angular momentum used for the fitting decreases from 10h, the magnitude of $ has a tendency to decrease.
**l States with I :S10 h were used also for Eq. (1) with more than 5 terms. Such an expansion expression is not good as a fitting formula, however, we think that Jl and !fJ of the expression are indicative of the degree of the reliability phenomenologically. Because the convergence of Jl and$ for A:2::162 with respect to the number of the terms is better than that for A=160. MeV/fm 4 in our calculation.*) However, such a Gr seems unreasonable, because any G2r discussed above shows similar smooth A-dependence. Furthermore the increase in the magnitude of !B in the vicinity of the transition region is reasonable because of the effect of the rotation-vibration coupling. 18 l We should mention also a result in the case that the space for calculation is extended. It is because Hamamoto pointed out that matrix elements between different major shells defined in a deformed base were important, when the quadrupole pairing force was taken into account. 3 
l'
24 l
Parameters and a result of the 5-majorshell calculation for 164 Er are given in Table III , where G r of Hamamoto decreased by 10% was used, and no truncation of matrix elements within the space was done. No striking difference in Jl is seen as compared with the 2-major-shell calculation. As far as Jl is concerned, it seems that effects of matrix elements between different major shells can be renormalized in the strengths of two-body forces in the 2-majorshell calculation approximately. However, !B becomes positive, so that it is suggested that the c2r is still too strong.
In summary, we have compared the difference in Gr of three groups in the way to solve the cranking model in the angular-momentum expansion. Any strength improves the expansion coefficients remarkably in a region far from the transition region, if slight modification is allowed, while in the vicinity of the transition region the serious difficulty in reproducing !B has appeared. This difficulty has been interpreted as one of indications of a limit of the cranking model near the transition region.
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